The inter-rotational effects of fertilization and weed control treatments on the productivity and soil nutrient availability of loblolly pine (Pinus taeda L.) stands growing on a North Florida Spodosol were investigated using two replicated, randomized complete block design experiments. The first rotation treatments were: control (C), fertilizer only (F), weed control only (W), and fertilizer + weed control (FW). One experiment was actively retreated as in the previous rotation, while the second was left untreated (C C , C F , C W , and C FW ). A common full-sib loblolly pine family was planted in both experiments. After three growing seasons, the second-rotation pine growth consistently outperformed the first rotation. The actively retreated FW treatment had fourfold higher aboveground pine biomass than the C treatment (7.7 Mg ha −1 ); the untreated C F (17.9 Mg ha −1 ) treatment had 1.5-fold higher pine biomass than the C FW treatment. While a suite of improved cultural practices (e.g., advanced genetics and site preparation) and environmental factors may be responsible for higher growth responses in the second rotation than the first in both experiments, lower growth response in the C FW treatment compared with the C F treatment was associated with lower soil P availability (r = 0.8, p < 0.01) and historical P movement from the E to Bh and Bt horizons. These results suggest that the understory vegetation and forest floor from the first rotation served as an important nutrient sink, especially for P, which then subsequently became a nutrient source (through mineralization) in the second rotation. Historical P fertilization on flatwoods Spodosols may thus alleviate the need for P fertilization during stand establishment when an intact understory was present in the previous stand.
of the world for meeting the ever burgeoning demand for forest products and other related ecosystem services (Sedjo and Botkin, 1997) . However, considering the relatively short history and use of intensive forest management systems (since the 1970s), questions arise regarding their long-term sustainability. These concerns generally center on long-term site productivity (Fox, 2000) and maintenance of biodiversity ( Jeffries et al., 2010) .
Understory plant communities in managed forest stands are often thought of as competitors for above-and belowground site resources such as water, nutrients, light, and growing space (Morris et al., 1993; Collet et al., 1996; Zutter et al., 1999; Zhang et al., 2013) . From the perspective of ecosystem diversity, however, these plant communities are important elements. They may help support long-term site sustainability by increasing the species richness and functional diversity of the forest ecosystem and also aid in ecosystem adaptation to abiotic and biotic stresses and disturbances through, for example, nutrient cycling processes (Tilman et al., 2001; Zak et al., 2003; Folke et al., 2004; Nilsson and Wardle, 2005) . Although understory competition for available soil nutrients represents one of the primary causes for lower growth rates in young southern pine stands (Neary et al., 1990b) , a study conducted by Smethurst and Nambiar (1995) on the second rotation crop of Pinus radiata D. Don showed that allowing competing vegetation in the understory reduced N leaching and increased N mineralization following their senescence.
On sandy soils, where soil organic C serves an important function in aiding moisture and nutrient retention, understory vegetation may also play a role in both maintaining C and serving as a nutrient sink for elements such as N and P, especially during the early stages of stand development (Boring et al., 1981; Gholz and Fisher, 1982; Gholz et al., 1985; Smethurst and Nambiar, 1995; Blazier et al., 2005; Rifai et al., 2010) . Understory suppression may reduce the potential for C and nutrient sinks in soils, as some studies have observed reductions in soil C and N pools with repeated herbicide applications (Laiho et al., 2003; Echeverría et al., 2004; Sarkhot et al., 2007; Sartori et al., 2007; Rifai et al., 2010; . Therefore, it is important to understand whether the silvicultural treatments used to support short-rotation, intensively managed pine plantations affect understory reinitiation, soil C, and nutrient levels. It follows that as soil organic matter decomposes, nutrients like N and P are mineralized and made available for pine uptake, leaching, and other biogeochemical processes. Silvicultural treatments that could potentially increase or decrease soil organic matter could have the potential to influence the long-term nutrient supply to the site ( Jurgensen et al., 1997) .
Previous research conducted on sandy Spodosols in the U.S. Lower Coastal Plain have documented that N and P are both growth-limiting nutrient elements and that fertilization is a cost-effective treatment that forest managers can use to enhance growth and financial returns (Pritchett and Llewellyn, 1966; Bengtson, 1979; Pritchett and Comerford, 1982; Allen, 1987; Jokela and Stearns-Smith, 1993; Fox et al., 2007b; Albaugh et al., 2009 ). Because higher nutrient demands associated with these intensively managed stands have the potential to induce micronutrient deficiencies (Stone, 1990; Jokela et al., 1991b; Allen et al., 2005) and limit growth , fertilization on some sites now includes B, Cu, and Mn, in addition to N, P, and K ( Jokela et al., 1991a; Albaugh et al., 2007; . In that context, it is important to understand the role of residual nutrients from past fertilization activities, if any, to support the growth of newly planted stands. For example, P has been shown to readily recycle in fertilized pine stands (Polglase et al., 1992a) , and the residual P from past fertilization has the potential to meet the nutrient demands and early growth requirements of newly planted stands (Ballard, 1978; Comerford et al., 2002; Everett and Palm-Leis, 2009) . Comparative studies over multiple rotations will enable direct assessment of management practices on long-term site productivity.
Direct assessment of long-term site productivity can be an arduous task, and the examples that exist in the literature have rarely attempted to combine both fertilization and weed control assessments (Keeves, 1966; Nambiar, 1996) . Moreover, differences in site management and the planting stock genetics used between rotations can confound the results (Nambiar, 1996) . The study described here used a replicated field design to answer two questions:
1. In a nutrient-stressed environment, are inter-rotational growth responses of juvenile loblolly pine affected by the previous silvicultural treatment history (fertilization and weed control)?
2. Does the historical treatment of the understory vegetation community affect its competitive role in the second rotation relative to soil nutrient availability and the growth of loblolly pine? These questions were addressed by examining and comparing the aboveground biomass accumulation, distribution, and nutrient content of the overstory and understory species across a range of silvicultural treatment histories that had varying levels of soil nutrient availability. Efforts were made to duplicate as closely as possible the first-rotation silvicultural treatments and included using a common genetic source of loblolly pine.
MATERIALS AND METHODS

Study Area
To evaluate the factors that limit the biological growth potential of southern pines, the Intensive Management Practices Assessment Center (IMPAC) at the University of Florida established an experimental study site in 1983 (Swindel et al., 1988) . The IMPAC experimental site is located approximately 10 km north of Gainesville, FL (29°30¢ N, 82°20¢ W longitude; mean elevation of 45 m). The long-term mean annual temperature of the study site is 20.6°C, and it receives an annual rainfall of about 1178 mm (NOAA, 2012) . The climate is warm and humid. Poorly drained Pomona fine sands (sandy, siliceous, hyperthermic Ultic Alaquods) are the predominant soils at the study site.
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Study Design
The original IMPAC experiment was a 2 ´ 2 ´ 2 factorial, with treatments of species (loblolly and slash pine [Pinus elliottii var. elliottii Engelm.]), complete and sustained weed control, and annual fertilization arranged in a randomized split-plot (species as whole plots) design with three replications. This resulted in four treatments within each species: control (C), weed control only (W), fertilizer only (F), and both fertilizer and weed control (FW). The entire experimental area was prepared using a singlepass bedding treatment. Genetically improved (first generation, open pollinated) 1-0 bareroot stock of both loblolly and slash pine were hand planted in January 1983 (Swindel et al., 1988; Colbert et al., 1990; Martin and Jokela, 2004) . A fertilizer regime with balanced levels of macro-and micronutrients was applied for the first 10 yr to the F and FW treatments, after which it was stopped in May 1993 and then resumed during the 16th to 18th growing seasons (1998 -2000 Jokela and Martin, 2000) . Fertilizers were applied in narrow bands (30-cm semicircle) around the base of each tree or planting location. Total nutrient additions during the life of the original study for the F and FW treatments for both species were (kg ha −1 ): 1088 N, 230 P, 430 K, 108 Ca, 72 Mg, 72 S, 4.1 Mn, 5.4 Fe, 0.9 Cu, 4 Zn, and 0.9 B. Competing understory vegetation was controlled annually in the W and FW treatments for the first 10 yr (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) ) using a combination of chemical and mechanical methods (Colbert et al., 1990; Neary et al., 1990b; Dalla-Tea and Jokela, 1994) . The weed control treatment was stopped after canopy closure because the growth of competing understory vegetation was suppressed in the W and FW plots. Early-and mid-rotation growth dynamics for the original study were reported by Colbert et al. (1990) , Jokela and Martin (2000) , and Martin and Jokela (2004) . Jokela et al. (2010) summarized the growth dynamics for this original experiment during the 25-yr study period. Likewise, documented the total C and N pools at the end of the rotation for the original experiment.
The original IMPAC study was whole-tree harvested in May 2009, with the intent of overlaying a second experiment using the same treatment plots. Harvested trees were processed off the treatment plots to ensure no inputs of nutrients into the soil via harvest residues. Considering the need for long-term site monitoring to understand the effects of the past management history, the IMPAC II study site was initiated in June 2009. Original plots in the first rotation were reestablished and used to examine both the untreated carryover and actively managed retreatment effects on the growth of the second-rotation experiment. The IMPAC II experiment now consists of two randomized complete block designs (three replications each), having four treatments (C, F, FW, and W) for the actively managed retreatment design and four treatments for the untreated carryover design (Cc, C F , C FW , C W ; subscripts indicate first-rotation treatments, C before the subscripts indicates untreated carryover) ( Fig. 1; Table 1 ). The carryover experiment was established on the previous slash pine plots, and the actively managed retreatment experiment was established on the previous loblolly pine plots.
Before harvesting, all treatment plot corners were physically monumented and the understory vegetation in the C and F plots was mulched in place (April 2009) to retain this nutrient pool within the plot boundaries. Mulching was not necessary for the W and FW plots because of the sustained weed control treatment history from the previous rotation. Following harvest, the entire study area was later bedded in June, with a second bedding pass conducted in August of the same year.
Similar to the last rotation, trees were planted in each plot at a 1.8-by 3.0-m spacing, with measurement plots (0.02 ha) consisting of 40 trees per plot (eight trees each in five beds). Each of the measurement plots was provided with a treated buffer of three trees and two beds, resulting in a 0.08-ha treatment plot. An untreated buffer of six tree spaces was provided between two adjacent treatment plots. Across the treatment plots, an untreated buffer of four beds was maintained (Fig. 1) . A single, full-sib, and elite performing loblolly family was used to regenerate the entire study (i.e., actively managed and untreated experiments) in December 2009 using containerized seedlings.
Before planting, only the active retreatment plots that had received chemical site preparation and weed control in the first rotation (W and FW) were treated using a broadcast application of 0.84 kg a.e. ha −1 imazapyr (2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-3-pyridinecarboxylic acid), 1.12 kg a.e. ha −1 triclopyr (2-[(3,5,6-trichloro-2-pyridinyl) oxy]acetic acid), and 0.14 kg ha −1 of metsulfuron-methyl (methyl 2-[[[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl) The untreated carryover plots did not receive any additional chemical treatments (herbicide or fertilizer), with the exception of a banded 0.2 kg a.e. ha −1 imazapyr application in May 2010 to control Dicanthelium sp. and to aid seedling survival in all treatment plots. This same banded herbicide treatment was also applied to the actively managed C and F plots.
The actively managed retreated (F and FW) experiment received fertilizer at the end of July 2011 and beginning of September 2012. Consistent with the last rotation treatments, the total nutrient additions during the first three growing seasons for the F and FW treatments were (kg ha −1 ): 120 N, 53 P, 99 K, 40 Ca, 19 Mg, 56 S, 1.3 Mn, 0.5 Fe, 0.2 Cu, 0.5 Zn, and 0.2 B. As done in the first rotation experiment, the fertilizer was applied in narrow bands (30-cm semicircle) around the base of each tree or planting location.
Data Preparation and Analysis
Estimation of the total aboveground biomass for ages 1 to 3 yr was made using existing allometric equations previously developed for loblolly pine for the same family, ages, and soil type (inventory data and Adegbidi et al., 2002) . The following equation was used to estimate the total aboveground biomass of loblolly pine using annual inventory data collected in 2011, 2012, and 2013: ( ) ( )
where Y is the biomass component (kg dry wt.), X is the tree height (m) for ages 1 and 2 yr and diameter at breast height (cm) for age 3 yr, and b 0 and b 1 are the coefficients of regression. For estimation of component biomass, highly significant allometric equations of the same form as Eq. [1] were developed using the destructive harvest data for 1-, 2-and 3-yr-old loblolly pines collected by Adegbidi et al. (2002) (Table 2) . Their destructive harvest data were generated from the same genetic family growing on similar soils as the current study. Corrections for logarithmic bias were made on all estimates of biomass accumulation (Baskerville, 1972; Sprugel, 1983) .
Nutrient analyses of the pine foliage at age 2 yr were conducted by collecting fully elongated needles (approximately 25 fascicles) that were sampled from five random trees in each measurement plot in December 2011. These foliar tissues were then analyzed for macro-and micronutrients at the Micro-Macro International Laboratory in Athens, GA. About 0.5 g of ground tissue was first dry-ashed in a muffle furnace, and then the samples were brought up to volume with aqua regia (3:1 HNO 3 /HCl). The extracts were analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES). Total N was analyzed in a CNS analyzer (Leco Corp.) using the Dumas method (Campbell, 1992) . Stem wood with bark and branch tissues was collected from four randomly selected pine trees in each measurement plot in December 2011. These samples were oven dried at 65°C to a constant weight and then ground in a Wiley mill to pass through a 1-mm sieve. These tissues were then analyzed for macro-and micronutrients at the Micro-Macro International Laboratory using the same methods described above. Aboveground nutrient content (kg ha −1 ) in loblolly pine was estimated separately for each treatment using component-part biomass estimates and average nutrient concentration data (Subedi, 2013) .
Estimates of aboveground understory biomass were made using a clip plot survey conducted in August and September 2011. Within each plot, six quadrats (1 m 2 ) were randomly established in each measurement plot and stratified equally between the bed and interbed positions. All standing vegetation that fell within the quadrats was clipped at ground level and sorted separately by species. For overhanging vegetation, only the portion that fell within the quadrat was clipped. All samples were oven dried at 65°C to a constant weight. The dried leaves, twigs, or branches of individual understory species in a plot were ground in a Wiley mill to pass through a 1-mm sieve. In addition, six culms (with roots) of Andropogon sp. were manually excavated from both bed and interbed positions of the C FW and C W treatments of the untreated carryover experiment, where Andropogon sp. was predominant, to estimate nutrient accumulation in roots. Andropogon sp. samples were then separated into shoots and roots. Roots were washed with distilled water to rinse off soil particles. Both shoots and rinsed roots were oven dried at 65°C to a constant weight before subsampling. The subsamples of shoot and root tissues were also ground in a Wiley mill to pass through a 1-mm sieve. All tissues were analyzed for macro-and micronutrients at the Micro-Macro International Laboratory. Nutrient content in the understory was determined separately by species for each treatment using average nutrient concentrations and biomass estimates for each plot.
Soil nutrient availability was assessed in the actively managed and untreated carryover experiments using ion-exchange 
membranes (PRS probes, Western Ag Innovations).
Although the use of ion-exchange membranes in forest ecosystems is not as common as in agricultural ecosystems, they have been widely used to determine nutrient supply rates in the soil (Hart and Firestone, 1989; Ziadi et al., 1999; Qian and Schoenau, 2002) . Four cation PRS probes capable of adsorbing all nutrient cations and four anion PRS probes capable of adsorbing all nutrient anions were buried randomly in the upper 15 cm of the beds of all measurement plots in August 2011. After 8 wk of burial, these probes were removed from the soil and rinsed free of adhering soil particles with deionized and distilled water. All probes were eluted using a 0.5 mol L −1 HCl solution for 1 h. The eluate was then analyzed colorimetrically using an automated flow injection analysis system for NO 3 − -N and NH 4 + -N to obtain the total N supply. For P, K, Ca, Mg, S, B, Cu, Mn, Zn, and Fe, ICP-AES was used. All analyses were conducted by Western Ag Innovations. Soil nutrient concentrations in the untreated carryover experiment were estimated by collecting soil samples from all plots at depth intervals of 0 to 10, 10 to 20, 20 to 50, and 50 to 100 cm in November 2012 using a 7.6-cm-diameter auger. Eight samples were collected from each treatment plot: four from the bed and four from the interbed positions. The samples from the same depth intervals were thoroughly mixed and weighed. Approximately 15% of the mixed sample was then subsampled. Roots were removed from the subsamples. Almost 100 g of subsample was then air dried and ground in a mortar and pestle to pass thorough a 2-mm sieve. Soil macro-and micronutrients were extracted using the Mehlich III procedure (Mehlich, 1984) . All samples were analyzed at the Micro-Macro International Laboratory.
Analysis of variance (ANOVA) for a randomized complete block design was used to test the effects of fertilizer and weed control on the aboveground biomass, nutrient accumulation, and soil nutrient supply rates for both the actively managed retreated and the untreated carryover experiments. To ensure that the data met assumptions of normality and homoscedasticity, Kolmogorov-Smirnov and equal variance tests, respectively, were used (Massey, 1951) . For data not meeting the assumptions of normality and homoscedasticity, appropriate transformations were made before conducting ANOVA in SAS (SAS Institute, 2007). Tukey's Studentized range (honestly significant difference [HSD]) test was used to separate differences among treatment means at an a level of 0.05 unless noted otherwise.
RESULTS
Inter-rotational Comparison of Height Response of Three-Year-Old Loblolly Pines
Comparison of loblolly pine tree heights between rotations indicated that at age 3 yr, the second rotation stands performed better than the first (Fig. 2) . All actively managed retreated plots in the second rotation had significantly greater tree heights than those in the first rotation. For example, with the FW treatment, the average tree height in the second rotation averaged 5.7 m compared with 3.9 m during the first rotation (Colbert et al., 1990) . Likewise for the F, W, and C treatments, average heights in the second vs. the first rotation averaged 5.0 vs. 3.1, 4.5 vs. 3.0, and 3.6 vs. 1.3 m, respectively.
In the untreated carryover experiment, all treatments in the second rotation also had greater average tree heights than the first rotation. However, the trend was different than that observed for the actively managed retreated experiment; the C F treatment had significantly greater average tree height (5.2 m) than the C FW (4.3 m), C C (3.9 m), and C W (3.8 m) treatments (Fig. 2) .
Total Aboveground Biomass AccumulationLoblolly Pine
The effects of fertilization and weed control on the total aboveground biomass accumulation of the second-rotation loblolly pine stands were quantified annually for the first 3 yr for both the actively managed retreated and untreated carryover experiments (Fig. 3) . In general, continuation of the fertilization . ) and x is the tree height (m) for age 1 and 2 yr or diameter at breast height (cm) for age 3 yr. ‡ From Adegbidi et al. (2002) . and weed control treatments in the second rotation's actively managed experiment significantly increased the total aboveground biomass accumulation. The FW treatment accumulated almost 28 Mg ha −1 compared with 8 Mg ha −1 for the control (C; 3.5-fold response). Different patterns were observed for the secondrotation untreated carryover experiment; growth responses for the C F treatment (18 Mg ha −1 ) were almost 1.8-fold greater than the untreated control (10 Mg ha −1 in C C ). Interestingly, despite the previous history of repeated fertilizer and weed control applications, the carryover C FW treatment (12 Mg ha −1 ) did not differ significantly in aboveground loblolly pine biomass accumulation from the C C and C W treatments from ages 1 to 3 yr (Fig. 3B) .
Total Aboveground Biomass AccumulationUnderstory Vegetation
As expected, fertilizer additions in the second rotation significantly increased the amount of understory biomass accumulation compared with the weed control treatments (Fig. 4A) . At age 2 yr, the F treatment accumulated almost 7.7 Mg ha −1 of aboveground understory biomass compared with 1.6 and 1.1 Mg ha −1 for the W and FW treatments, respectively. However, understory vegetation redevelopment was evident in the second-rotation untreated carryover experiment, especially in the C FW treatment (Fig. 4B) . For example, understory biomass accumulation in the C FW treatment (3.4 Mg ha −1 ) did not differ significantly from either the C C (4.8 Mg ha −1 ) or C F (4.8 Mg ha −1 ) treatments. On the contrary, the C W treatment (1.7 Mg ha −1 ) had the lowest amount of understory biomass accumulation compared with the C C treatment.
Understory vegetation composition was influenced by the silvicultural treatment histories. In general, grass-like species dominated the understory in the weed control treatments, and shrubby species dominated the understory in the absence of the weed control treatments (Table 3) 
Total Aboveground Biomass Accumulation
The total aboveground biomass (pine + understory) accumulation in the actively managed experiment followed the trend F > FW > C > W (Fig. 4A) . Understory vegetation alone accounted for almost 62, 53, 21, and 10% of the total aboveground biomass in the C, F, W, and FW treatments, respectively. Pine biomass accounted for about 90% of the total aboveground biomass in the FW and 47% in the F treatment. Similarly, in the untreated carryover experiment, the total aboveground biomass accumulation followed the general trend C F > C C > C FW > C W (Fig. 4B) . Pine biomass contributed to almost 64, 49, 58, and 69% of the total aboveground biomass in the C F , C C , C FW , and C W treatments, respectively. The understory vegetation accounted for almost 51% of the total aboveground biomass in the C C treatment and 31% in the C W treatment.
Nutrient Accumulation Nutrient Accumulation in Loblolly Pine
Estimates of aboveground nutrient accumulations in 2-yr-old loblolly pine are shown in Fig. 5 and 6 for both macro-and micronutrients. In general, nutrient accumulation followed the trends reported for www.soils.org/publications/sssaj ∆ aboveground biomass accumulation. Nutrient accumulation increased with increasing intensity of silvicultural treatments for the actively managed retreated experiment. Nitrogen, P, and K accumulations in the FW (N, 124.1 kg ha −1 ; P, 8.5 kg ha −1 ; K, 38.6 kg ha −1 ) treatment were almost 3.4-, 3.9-and 3.4-fold higher, respectively, than the C treatment (N, 37.0 kg ha −1 ; P, 2.2 kg ha −1 ; K, 11.2 kg ha −1 ). Similarly, B, Mn, and Zn accumulations in the actively managed FW treatment plots were almost 2.8-, 4.1-, and 3.2-fold higher than the C treatment (B, 62 vs. 22 g ha −1 ; Mn, 750 vs. 183 g ha −1 ; Zn, 322 vs. 100 g ha −1 ).
Nutrient accumulation in loblolly pine also followed the same trend as biomass accumulation in the untreated carryover experiment (Fig. 5 and 6 ). The C F treatment had significantly higher nutrient accumulation than the C C treatment. For instance, almost 1.9-, 1.8-, and 2.1-fold higher N, P, and K contents, respectively, were associated with the C F treatment when compared with the C C treatment (N, 92 vs. 47.6 kg ha −1 ; P, 5.4 vs. 3.0 kg ha −1 ; K, 34.2 vs. 16.5 kg ha −1 ). Similarly, B and Zn accumulations were also higher in the C F than the C C treatment (B, 51 vs. 29 g ha −1 ; Zn, 231 vs. 117 g ha −1 ). (C C , C F , C W , and C FW , respectively) 
Table 3. Percentage contribution by species to the total understory aboveground biomass in the actively managed retreated experiment (control [C], fertilization [F], weed control [W], and fertilization + weed control [FW]) and untreated carryover experiment
Nutrient Accumulation in the Aboveground Understory Vegetation
Nutrient accumulation in the understory vegetation of the actively managed experiment was affected by the intensive silvicultural treatments like fertilization and weed control ( Fig. 5 and  6 ). As expected, sustained control of competing understory vegetation reduced understory nutrient accumulation in the FW (N, 9.7 kg ha −1 ; P, 1.4 kg ha −1 ; B, 5 g ha −1 ) and W (N, 15.6 kg ha −1 ; P, 1.9 kg ha −1 ; B, 9 g ha −1 ) treatments compared with the F treatment (N, 68 kg ha −1 ; P, 7.4 kg ha −1 ; B, 121 g ha −1 ). No significant differences in understory nutrient accumulation were found between the F and C treatments ( Fig. 5 and 6 ).
In the untreated carryover experiment, the C F and C W treatments did not significantly influence the N and P accumulation in the second-rotation understory vegetation (Fig. 5) . However, the C FW treatment had significantly lower Ca, Cu, and Mn accumulation in the understory compared with the C F treatment (Ca, 5.8 vs. 26.3 kg ha −1 ; Cu, 6 vs. 21 g ha −1 ; Mn, 370 vs. 1103 g ha −1 ). Moreover, when compared with the C C treatment, the C W treatment had significantly lower K, Ca, Cu, and Zn accumulation in the understory, differing by almost 71% (22.3 kg ha −1 in C C vs. 6.4 kg ha −1 in C W ), 90% (19.9 kg ha −1 in C C vs. 2.1 kg ha −1 in C W ), 76% (21 g ha −1 in C C vs. 5 g ha −1 in C W ), and 73% (161 g ha −1 in C C vs. 44 g ha −1 in C W ), respectively. This difference was primarily due to lower understory biomass in the C W treatment (?63% less) than the C C treatment.
Woody understory species like Ilex glabra and Serenoa repens were the major accumulators of nutrients like N, P, B, Cu, Mn, and Zn in the C and F treatments of the actively managed experiment and the C C and C F treatments of the untreated carryover experiment (Subedi, 2013;  Fig. 7 ). For example, Ilex glabra alone accumulated almost 23 and 20 kg ha −1 of N and 3.3 and 1.7 kg ha −1 of P in the F and C treatments, respectively. Similarly, it accumulated almost 43% (?18.2 kg ha −1 ) and 32% (?12.7 kg ha −1 ) of the total understory N in the C F and C C treatments, respectively. Boron, Mn, and Zn accumulation in Ilex glabra accounted for almost 64% (?77 g ha −1 ), 82% (?959 g ha −1 ), and 52% (?884 g ha −1 ) , respectively, of the total understory micronutrient pools in the F treatment. Almost 17% (?225 g ha −1 ) of the total understory Mn pool in the C treatment was contributed by Serenoa repens. Ilex glabra (717 g ha −1 ) and Vitis rotundifolia Michx. (147 g ha −1 ) accumulated nearly 65 and 13%, respectively, of the total understory Mn pool in the C F treatment.
Herbaceous species like Andropogon sp. and Dicanthelium sp. were the major nutrient accumulators in the FW, W, C FW , www.soils.org/publications/sssaj ∆ and C W treatments (Subedi, 2013; Fig. 7) . Andropogon sp. accumulated approximately 93% (8.6 kg ha −1 ) and 80% (13 kg ha −1 ) of the total understory N pool and 93% (1.3 kg ha −1 ) and 89% (2.6 kg ha −1 ) of the total understory P pool in the FW and C FW treatments, respectively. Manganese and Zn accumulation in Andropogon sp. was almost 262 g ha −1 (?71% of the total understory Mn pool) and 48 g ha −1 (?60% of the total understory Zn pool) in the C FW treatment. Andropogon sp. was a major N accumulator in the W treated plots (9.9 kg ha −1 , 63% of the total understory N pool).
Soil Nutrient Supply
Soil nutrient supply rates in the second-rotation loblolly pine stands, measured using ion exchange membranes, were significantly higher for nutrients like N, Ca, Mn, Cu, Zn, and S in the actively managed FW treatment than the C treatment (a = 0.1; Table 4) at age 2 yr. Tukey's HSD (a = 0.1) revealed that the P supply rate was significantly higher in the F than the W treatment (36.2 vs. 4.1 mg m −2 during an 8-wk period) (Fig.  8A) . Strong correlations between aboveground pine biomass and soil nutrient supply rates during the growing season were observed for several nutrients (Table 5 ). For instance, correlations between aboveground pine biomass and soil supply rates for N and Zn were 0.67 and 0.73, respectively, for the actively managed experiment.
In the untreated carryover experiment, the C F treatment had a significantly higher supply of nutrients like P, Mn, and Zn in the upper soil surface when compared with the C C treatment (a = 0.1; Fig. 8B ). The P supply rate in the C F treatment was almost 2.3-fold higher than the C C treatment (C F , 20.8 mg m −2 ; C C , 8.9 mg m −2 during an 8-wk period). Interestingly, the C FW treatment had no significant influence on the surface supply of soil nutrients when compared with the C C treatment, except for Zn. In the untreated carryover experiment, strong correlations were observed between the aboveground loblolly pine biomass and soil P (r = 0.83), Mn (r = 0.79), and Cu (r = 0.73) supply rates (Table 5) . Of these nutrients, only the soil P supply could significantly predict the total aboveground biomass accumulation of loblolly pine (forward stepwise regression: R 2 = 0.68) (Fig. 9) .
Analysis of variance of the Mehlich III extractable soil P concentration in the untreated carryover plots showed significant treatment differences. With the exception of the C W treatment, both the C FW and C F treatments had significantly higher mean soil P concentrations than the C C treatment. The least square mean soil P concentration was highest for the C FW treatment (19.5 mg kg −1 ) followed by the C F (12.6 mg kg −1 ), C W (8.5 mg kg −1 ), and C C (6.1 mg kg −1 ) treatments for the 0-to 100-cm depth (Tukey's HSD at a = 0.1). In addition, soil P concentrations increased with soil depth (Fig. 10) . For instance, the mean soil P concentration in the 50-to 100-cm soil depth (19.7 mg kg −1 ) was almost 3.1-and 2.2-fold higher than the 0-to 20-cm (6.3 mg kg −1 ) and 20-to 50-cm (9.01 mg kg −1 ) soil depths, respectively.
DISCUSSION
Understanding the long-term impacts of intensive forest management on the productivity of planted pines over successive rotations will inform discussions of forest sustainability (Powers, 1999; Fox, 2000; Wear and Greis, 2002) . Productivity and growth of pines are affected by multiple factors such as soil nutrient availability, genetics, and competition (Allen et al., 1990; Neary et al., 1990b; Li et al., 1999; Jokela et al., 2010) . The long-term replicated experiments in this study incorporated rotation-long applications of fertilizer and sustained understory competition control. This experimental framework provided a unique opportunity to investigate inter-rotational silvicultural impacts on growth dynamics and the competitive environment in loblolly pine stands.
The evolution of forest management practices and the availability of improved genetic stock have increased the productivity of southern pine plantations during the past six decades (Fox et al., 2007a) . In this study, inter-rotational comparisons of loblolly pine growth demonstrated that height and aboveground biomass accumulation were consistently greater in the second rotation than the first. This response, in part, was probably due to the deployment of genetically superior pine seedlings (a single full-sib pine family in the second rotation vs. multiple first-generation open-pollinated pine families in the first rotation) (Li et al., 1999; Jansson and Li, 2004) , improved site preparation (Miller et al., 1991; Borders and Bailey, 2001; Jones et al., 2009 ) and bedding techniques (double bedding vs. single bedding) (Lauer and Zutter, 2001 ), control of Panicum spp. (Morris et al., 1993) and tip moth (Williston and Barras, 1977; Cade and Hedden, Fertilizer additions and understory competition control have been shown to benefit the growth of loblolly pine on nutrient-stressed sites by reducing nutrient deficiencies (Swindel et al., 1988; Colbert et al., 1990; Borders et al., 2004; Martin and Jokela, 2004; Roth et al., 2007; Jokela et al., 2010) . Results from this study clearly demonstrated that these benefits were extended into the second rotation. Third-year estimates of aboveground biomass accumulation (FW treatment, 28 Mg ha −1 ), for example, were similar to those reported by Colbert et al. (1990; FW treatment, 32 Mg ha −1 ) at age 4 yr for this same site in the previous rotation. Although this exemplifies the yield for the highest levels of silvicultural inputs (FW) for the actively managed experiment, results were similar for the untreated carryover experiment. The C F treatment outperformed all other treatments in the untreated carryover experiment. Third-year estimates of aboveground biomass accumulation in the C F treatment (17.8 Mg ha −1 ) were similar to the value of 19.7 Mg ha −1 reported by Adegbidi et al. (2005) for intensively managed 3-yrold loblolly pine stands growing on similar soils.
During the early stages of canopy development, demand for soil nutrients is critical to the development of photosynthetic tissues, and both the fertilization and weed control treatments can contribute to increased soil nutrient supply (Miller, 1981; Neary et al., 1990a) . Higher N and P contents in the aboveground biomass of pines in the FW treatment were indicative of the general nutrient uptake rates of these rapidly growing stands. Total N (124.1 kg ha −1 ) and P (8.5 kg ha −1 ) pools in the aboveground pine biomass at age 2 yr in the FW treatment of our study closely matched those reported by Adegbidi et al. (2005) for this same family at age 3 yr growing on similar sites in the Lower Coastal Plain of Georgia (117 kg ha −1 N and 8.3 kg ha −1 P, respectively). Despite greater nutrient immobilization in the aboveground pine biomass for the F and FW treatments, the high foliar N concentration (22.6 g.kg −1 ) observed in the FW treatment (Subedi, 2013) and higher soil nutrient supply rates observed in the upper soil surface (15cm) of the F and FW treatments (Fig.  8) highlight the benefits that long-term nutrient additions and competing vegetation control have on soil N and P availability in sandy Spodosols.
The potential of fertilizer amendments, especially P, to persist and enhance long-term soil nutrient availability and affect inter-rotational levels of productivity has been previously documented for pine plantations across different regions Crous et al., 2007; Everett and PalmLeis, 2009; Kiser and Fox, 2012) . The notable differences in residual soil nutrient availability and second-rotation growth rates found between the C F and C FW treatments was unexpected, given that comparable levels of fertilizer additions were made for these treatments in the previous rotation. A number of factors related to differences in soil nutrient pools, nutrient mineralization rates, movement and availability of soil nutrients in the upper solum, and immobilization of soil nutrients in the understory vegetation may have been responsible. The higher levels of biomass accumulation associated with the C F treatment compared with the C FW and C C treatments was probably due to higher background soil nutrient pools as a result of past fertilizer additions, forest floor incorporation, and understory mulching before stand establishment ( Fig. 3 and 8) . Based on the N pools measured at the end of the previous rotation, almost 1.4 Mg ha −1 of N present in the forest floor and the understory vegetation was estimated to have been incorporated in the C F treatment compared with 0.95 Mg N ha −1 in the C FW and 0.9 Mg N ha −1 in the C C treatment . Similar levels of soil nutrient enrichment probably occurred for P. Using forest floor mass, understory biomass, and P data for this same site Neary et al., 1990b; Polglase et al., 1992b) , estimated P pools in the forest floor and understory vegetation were also higher in the C F treatment (32.5 kg ha −1 ) than the C FW (26.3 kg ha −1 ) and C C (8.1 kg ha −1 ) treatments.
The nutrient pools in the forest floor and understory from the first rotation probably served as a nutrient source on decomposition and subsequent mineralization (Tisdale, 2008; Maier et al., 2012) and thereby supported the greater second-rotation loblolly pine growth in the C F treatment. With forest floor incorporation during site preparation, Maier et al. (2012) observed 18% higher stand volume compared with the control in a 6-yr-old loblolly pine plantation in South Carolina. Lower soil P (? 61% lower) and Mn (?62% lower) supply rates for the C FW treatment in our study supports the nutrient sink-source relationship between successive rotations, especially in highlighting the role that the understory and forest floor play in this process. Despite higher soil N pools at the end of the first rotation, nonsignificant treatment differences in resin-available soil N supply 2 yr after forest floor incorporation and understory mulching suggests a depletion of soil N via leaching or immobilization on these sandy soils (Miller, 1981; Kissel et al., 2009) . Nevertheless, the strong correlation between pine growth and soil P supply rates in the upper solum suggests that higher background soil nutrient pools and increased P availability probably improved the growth of loblolly pines in the C F treatment compared with the C FW treatment at this site (Allen et al., 1990; Albaugh et al., 2007; Fox et al., 2007b) .
The quality of the substrate, along with temperature and soil moisture, influences the decomposition of the forest floor and understory mulch and subsequent nutrient mineralization rates (Polglase et al., 1992a (Polglase et al., , 1992b Gonçalves and Carlyle, 1994; Scott and Binkley, 1997; Grierson et al., 1999; Piatek and Allen, 1999) . Because P in understory vegetation is presumably less recalcitrant than that in the litterfall from the pines (Polglase et al., 1992a) , the higher soil P supply observed in the C F treatment was probably due to higher P mineralization rates compared with the C FW and C W treatments. Polglase et al. (1992a) and Grierson et al. (1999) observed higher P mineralization rates in fertilized plots that contained understory vegetation for this same site. In addition, Polglase et al. (1992b) reported higher phenolic concentrations in the pine litter associated with the weed control treatment. Because higher phenolic concentrations in litter could have the potential to hinder litter decomposition, either by forming a decomposition-resistant complex with proteins (Hagerman et al., 1998) or non-proteins (Benoit and Starkey, 1968) or inhibiting microbial activity (Harrison, 1971; Schimel et al., 1996) , the potential of P mineralization from the first-rotation forest floor in the C FW and C W plots was presumably lower.
On nutrient-poor sandy soils, nutrient loss either through leaching or through volatilization (N) in the absence of understory vegetation is of concern in young pine stands (Outcalt and White, 1981; Smethurst and Nambiar, 1995; Piatek and Allen, 2001; Tessier and Raynal, 2003; Kissel et al., 2009; Zerpa and Fox, 2011) . Phosphorus leaching from the E to the Al-dominant Bh and Bt horizons was observed in the untreated carryover ex- (Fig. 10) . In the C FW treatment, Mehlich III extractable P concentrations were almost twofold higher in the 20-to 50-cm (19.7 mg kg −1 ) and 50-to 100-cm (27.5 mg kg −1 ) depths compared with the 0-to 20-cm depth (11.4 mg kg −1 ). Because root development of 2-yr-old loblolly pines are restricted mainly to the upper 25 cm (Adegbidi et al., 2004) , P present in the 20-to 50-and 50-to 100-cm depths may have been inaccessible to the pines at this stage of stand development. As a result, aboveground pine growth at age 2 yr was not different between the C FW and C C treatments, despite higher average Mehlich III extractable P concentrations (0-100 cm) in the C FW treatment. By the end of the third growing season, however, the growth response of pines in the C FW treatment, although not significant, was beginning to separate from the C C treatment (Fig. 3) . This response would probably become more pronounced as stand development proceeds and nutrients present in the deeper soil horizons become accessible to the pines on further root development (Adegbidi et al., 2004) .
Competition for soil nutrients from understory vegetation is a major growth limitation in southern pine plantations (Neary et al., 1990a (Neary et al., , 1990b Colbert et al., 1990) . With nutrient additions, understory vegetation growth can be dramatically increased (Turner and Long, 1975; Persson, 1981; VanderSchaaf et al., 2002) . Thus, without fertilization nutrient immobilization in the understory vegetation places large demands on soil nutrient availability for pines in aggrading stands. For example, there was almost 2.8-and 3.8-fold higher N and P accumulation, respectively, in the aboveground understory vegetation in the F plots than that reported by Gholz et al. (1985) for unfertilized slash pine plantations on similar soils (N, 24.7 kg ha −1 ; P, 1.9 kg ha −1 ).
In addition to changes in understory biomass, silvicultural treatments mediated shifts in the understory community composition (Neary et al., 1990a; Miller et al., 1991) . For this same site, Neary et al. (1990a) reported in the first rotation a shift to a shrub-dominated understory community following fertilizer additions 6 yr after site preparation and planting; the shrub biomass increased by 137% and herbaceous biomass decreased by 76% relative to untreated controls. The herbaceous community dominance documented in the weed control treatments (both in the actively managed [FW and W] and carryover experiments [C FW and C W ]) was also consistent with the findings of Jones et al. (2009) , who reported a dominance of early seral species on sites established with chemical site preparation.
Along with changes in community composition, differential nutrient uptake rates of these understory communities influenced nutrient availability. The shrub community, dominated by Ilex glabra and Serenoa repens, had higher nutrient uptake potential as demonstrated by higher aboveground N and P content for the F treatment than the C treatment, which had similar amounts of understory biomass accumulation (Fig. 7B ). Nitrogen and P concentrations (content/biomass ratio) in the shrubs of the F treatment (N, 9.3 mg kg −1 ; P, 0.9 mg kg −1 ) of the actively managed experiment and the C F treatment (N, 9.2 mg kg −1 ; P, 0.7 mg kg −1 ) of the untreated carryover experiment were almost twice the values reported by Neary et al. (1990a) for fertilized plots (N, 4.8 mg kg −1 ; P, 0.3 mg kg −1 ) at this site. In that context, elimination of shrubby competition from the FW treatment increased the pine biomass by fourfold (p = 0.06) compared with twofold increase in the F treatment (p = 0.07).
Dominance of the herbaceous understory species like Andropogon in the C FW plots also represented a significant source of competition for loblolly pine growth. Although the root/shoot ratio of N and P accumulation in Andropogon sp. amounted to 1:3 and 1:10, respectively, in the C FW treatment (Table 6 ), lower C costs associated with the dense, fibrous root system of Andropogon sp. (Eissenstat, 1997) facilitated an uptake and immobilization of almost 13.3 kg ha −1 of N and 2.6 kg ha −1 of P in the aboveground component. Strong competitive influences of Andropogon sp. on loblolly pine growth have been previously documented Zutter et al., 1999) . For example, Zutter et al. (1999) reported a sixfold decline in the root length density of loblolly pine with as few as four Andropogon sp. plants m −2 of soil surface. In addition, allelopathic effects of Andropogon sp. have been shown to inhibit the nodulation of N 2 -fixing plants and thereby reduce soil N availability (Rice, 1972) . Thus, strong competition from Andropogon sp. for the available soil nutrients in the upper soil surface probably influenced the reduced growth observed for loblolly pine in the C FW treatment.
SUMMARY AND CONCLUSIONS
This study was designed to examine the effects of previous forest management activities on inter-rotational productivity in young loblolly pine stands. Continued application of fertilizer and sustained elimination of competing vegetation favored early growth of pines in the second rotation. Growth, as measured using aboveground biomass and total average height, was greater in the second rotation for both the actively managed retreatment and untreated carryover experiments. Notably, the carryover C F treatment was significantly more productive than the C FW , C W , and C C treatments. Long-term fertilization and weed control treatments also contributed to shifts in the understory community composition to more competitive shrubs (F and C F treatments) or Andropogon sp. dominated communities (C FW and C W treatments) that affected nutrient immobilization and loblolly pine growth. While greater growth responses in the second rotation in all treatments might be due to advanced genetics, improved site preparation techniques, Panicum spp. control, tip moth control, and elevated atmospheric CO 2 concentrations, these results also suggest that the forest floor and understory vegetation from the previous rotation was an important nutrient sink, especially for P, in the untreated carryover plots. Following harvest and regeneration, this nutrient pool presumably became a nutrient source that helped meet the nutritional demands of the second-rotation stand. Historical P movement from the E to the Bh and Bt horizons, in the absence of understory vegetation, especially for the C FW treatment, could create an early limitation to growth on P-limited sites. Strong correlation between pine growth and resin-available P supply (r = 0.83) in the surface soils of the untreated carryover experiment, for instance, highlights the important role of P supply in early pine growth on Spodosols. Therefore, from a forest management perspective on flatwoods sites that were previously fertilized with P, the newly regenerated stands could benefit from nutrient management practices like understory mulching and forest floor incorporation, which could reduce the need for P fertilization at establishment when an intact understory was present in the previous stand.
